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I. SUMMARY OF RESEARCH ACTIVITIES AND ACCOMPLISHMENTS -

The overarching theme of the research program that has been supported by the Office of Naval
Research is an investigation of new capabilities for precision measurement and for the processing
and distribution of information. The research effort attempted to exploit recently discovered pos-
sibilities in the microscopic realm of quantum mechanics to accomplish tasks that would otherwise
be impossible by traditional classical means.

Within this setting, the particular investigations that have been pursued related to strong cou-
pling in optical physics whereby nonlinear interactions require only single atoms and photons. In
qualitative terms, the research was directed towards advances beyond traditional nonlinear optics
and laser physics into a new regime with dynamical processes involving atoms and photons taken
one by one. The research program addressed fundamental issues related to quantum metrology as
relevant to improved accuracy of atomic clocks, to quantum communication for enhanced chan-
nel capacity and secure communication, and to the general development of quantum information
science and technology.

The most important accomplishments of this work have been the following.

1. The first demonstration of a laser that operates with a single atom (i.e., the “one-and-the-
same atom” laser) [1, 2].

2. The first realization of a deterministic source for single photons that generates single photons
“on demand” from one atom trapped in a cavity [3].

3. The development of a protocol for the real-time determination of the number of trapped
atoms inside an optical cavity in a regime of strong coupling, with N = 0, 1, 2, 3 . . . atoms
[4].

4. The first experiment to achieve manifestly quantum or nonclassical photon correlations suit-
able for the implementation of scalable quantum communication networks [5].

Diverse other investigations in the area of Quantum Optics have also been pursued as part of the
research program supported by ONR and are described in the accompanying list of publications.
A summary of the major aspects of this research is offered in the following sections.

II. A ONE-ATOM LASER IN THE REGIME OF STRONG COUPLING -

Although conventional lasers operate with a large number of intracavity atoms, the lasing prop-
erties of a single atom in a resonant cavity have been theoretically investigated extensively in the
Quantum Optics community for more than a decade. We utilized the capabilities developed in Ref.
[6] for the experimental realization of a one-atom laser operated in a regime of strong coupling [1].
The observed characteristics of the atom-cavity system in this regime are qualitatively different
from those of the familiar many atom case. Specifically, we made measurements of intracavity
photon number versus pump intensity that exhibited “thresholdless” behavior, and inferred that
the output flux from the cavity mode exceeded that from atomic fluorescence by more than ten-
fold. Observations of the second-order intensity correlation function g(2)(τ) demonstrated that our
one-atom laser generates manifestly quantum (i.e., nonclassical) light that exhibits both photon
antibunching g(2)(0) < g(2)(τ) and sub-Poissonian photon statistics g(2)(0) < 1. We also carried
out detailed comparisons between our measurements and theoretical models [2].
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III. GENERATION OF SINGLE PHOTONS “ON DEMAND” FROM ONE ATOM
TRAPPED IN A CAVITY -

A crucial building-block for quantum information science is a deterministic source of single
photons that generates one-quantum wavepackets in a well controlled spatiotemporal mode of the
electromagnetic field. Moreover, the generation of single photons within the domain of strong cou-
pling in cavity QED enables the reversible transfer of quantum states between atoms and photons,
which is a fundamental primitive in protocols for the implementation of distributed quantum net-
works [7–9]. A single-photon source consisting of a trapped atom strongly coupled to an optical
cavity represents an ideal node for such a network, in which internal atomic states can be mapped
to quantum states of the electromagnetic field by way of “dark” eigenstates of the atom-cavity
system. Converting stationary qubits to flying qubits in this way enables distributed quantum
entanglement over long distances by utilizing quantum repeaters.

In Reference [3], we achieved the deterministic generation of single-photon pulses for a single
atom strongly coupled to an optical cavity. The photon wavepackets were emitted as a Gaussian
beam with temporal profile and repetition rate controlled by external driving fields. Referenced
to the total cavity output, the generation efficiency for (un)polarized photons was (0.69 ± 0.10)
0.35 ± 0.05. After correction for detector dark counts, the average suppression of two-photon to
single-photon event probabilities was R0 = 20.8 ± 1.8, rising to R0 & 150 at long times, where
R0 = 1 for a coherent state. In the absence of passive cavity losses, each generation attempt was
inferred to succeed with probability φG = 1.15± 0.18. These results represent a major step toward
the realization of distributed quantum networks.

IV. CAVITY QED “BY THE NUMBERS” -

We developed a technique for the real-time determination of the number of atoms trapped within
the mode of an optical cavity by monitoring the transmission of a weak probe beam [4]. Continuous
observation of atom number was accomplished in the strong coupling regime of cavity quantum
electrodynamics and functioned in concert with a cooling scheme for radial atomic motion. The
probe transmission exhibited sudden steps from one plateau to the next in response to the time
evolution of the intracavity atom number, from N ≥ 3 to N = 2 → 1 → 0 atoms. This is an
important advance since many protocols in Quantum Information Science require multiple atoms
to be trapped within the same cavity. Experimental efforts to combine ion trap technology with
cavity QED are promising, but have not yet reached the regime of strong coupling. In Ref. [4],
the atom number was restricted to N . 3, but the novel detection scheme that we developed may
enable extensions to moderately larger atom numbers N . 10.

V. THEORETICAL ACTIVITIES -

In addition to this laboratory work, we pursued several theoretical projects. The most significant
of these is a scheme for scalable photonic quantum computation based on cavity assisted interaction
between single-photon pulses [10]. The prototypical quantum controlled phase-flip gate between
two single-photon pulses is achieved by successively reflecting them from an optical cavity with a
single-trapped atom. We showed that this protocol is robust to practical noise and experimental
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imperfections in current cavity-QED setups.

[1] “Experimental Realization of a One-Atom Laser in the Regime of Strong Coupling,” J. McKeever, A.
Boca, A. D. Boozer, J. R. Buck, and H. J. Kimble, Nature 425, 268 (2003).

[2] “Comparison of Theory and Experiment for a One-Atom Laser in a Regime of Strong Coupling,” A.
D. Boozer, A. Boca, J. R. Buck, J. McKeever, and H. J. Kimble, Phys. Rev. A 70, 023814 (2003).

[3] “Deterministic Generation of Single Photons from One Atom Trapped in a Cavity,” J. McKeever, A.
Boca, A. D. Boozer, R. Miller, J. R. Buck, A. Kuzmich, and H. J. Kimble, Science 303, 1992 (2004).

[4] “Determination of the Number of Atoms Trapped in an Optical Cavity,” J. McKeever, J. R. Buck, A.
D. Boozer, and H. J. Kimble, Phys. Rev. Lett. 92, 143601 (2004).

[5] “Generation of Nonclassical Photon Pairs for Scalable Quantum Communication with Atomic Ensem-
bles,” A. Kuzmich, W. P. Bowen, A. D. Boozer, A. Boca, C. W. Chou, L.-M. Duan, and H. J. Kimble,
Nature 423, 731 (2003).

[6] “State-Insensitive Cooling and Trapping of Single Atoms in an Optical Cavity,” J. McKeever, J.R.
Buck, A.D. Boozer, A. Kuzmich, H.-C.Nagerl, D.M. Stamper-Kurn, H.J. Kimble, Phys. Rev. Lett. 90,
133602 (2003).

[7] H.-J. Briegel, S. van Enk, J.I. Cirac, P. Zoller, in The Physics of Quantum Information, D.
Bouwmeester, A. Ekert, A. Zeilinger, Eds. (Springer, Berlin, 2000), pp. 192-197.

[8] “Quantum state transfer in a quantum network: a quantum-optical implementation,” S. J. van Enk,
J. I. Cirac, P. Zoller, H. Mabuchi, and H. J. Kimble, Journal of Modern Optics 44, 1727 (1997).

[9] “Quantum Communication in a Quantum Network,” J. I. Cirac, S. J. van Enk, P. Zoller, H. J. Kimble,
and H. Mabuchi, Physica Scripta T76, 223 (1998).

[10] “Scalable Photonic Quantum Computation through Cavity-Assisted Interaction,” L.-M. Duan and H.
J. Kimble, Phys. Rev. Lett. 92, 127902 (2004).

4



VI. JOURNAL ARTICLES CITING ONR GRANT NUMBER N00014-02-1-828, 7-1-02 TO
9-30-04

1. “On the classical character of control fields in quantum information processing,” S. J. van
Enk and H. J. Kimble, Quantum Information and Computation 2, 1 (2002).

2. “Quantum teleportation of light beams,” T. C. Zhang, K. W. Goh, C. W. Chou, P. Lodahl,
and H. J. Kimble, Phys. Rev. A67, 033802 (2003); available as quant-ph/0207076.

3. “Cavity QED and quantum information processing with “hot” trapped atoms,” L.-M. Duan,
A. Kuzmich, and H. J. Kimble, Phys. Rev. A67, 032305 (2003); available as quant-
ph/0208051.

4. “Optimal sizes of dielectric microspheres for cavity QED with strong coupling,” J. R. Buck
and H. J. Kimble, Phys. Rev. A67, 033806 (2003).

5. “State-Insensitive Cooling and Trapping of Single Atoms in an Optical Cavity,” J. McKeever,
J.R. Buck, A.D. Boozer, A. Kuzmich, H.-C.Nagerl, D.M. Stamper-Kurn, H.J. Kimble, Phys.
Rev. Lett. 90, 133602 (2003); available as quant-ph/0211013.

6. “Efficient engineering of multi-atom entanglement through single-photon detections,” L.-M.
Duan and H. J. Kimble, Phys. Rev. Lett. 90, 253601 (2003); available as quant-ph/0301164.

7. “Generation of Nonclassical Photon Pairs for Scalable Quantum Communication with
Atomic Ensembles,” A. Kuzmich, W. P. Bowen, A. D. Boozer, A. Boca, C. W. Chou, L.-M.
Duan, and H. J. Kimble, Nature 423, 731 (2003).

8. “Experimental Realization of a One-Atom Laser in the Regime of Strong Coupling,” J.
McKeever, A. Boca, A. D. Boozer, J. R. Buck, and H. J. Kimble, Nature 425, 268 (2003).

9. “Comparison of Theory and Experiment for a One-Atom Laser in a Regime of Strong Cou-
pling,” A. D. Boozer, A. Boca, J. R. Buck, J. McKeever, and H. J. Kimble, Phys. Rev. A
70, 023814 (2003); available as quant-ph/0309133.

10. “Deterministic Generation of Single Photons from One Atom Trapped in a Cavity,” J. McK-
eever, A. Boca, A. D. Boozer, R. Miller, J. R. Buck, A. Kuzmich, and H. J. Kimble, Science
303, 1992 (2004).

11. “Scalable Photonic Quantum Computation through Cavity-Assisted Interactions,” L.-M.
Duan and H. J. Kimble, Phys. Rev. Lett. 92, 127902 (2004); available as quant-ph/0309187.

12. “Determination of the Number of Atoms Trapped in an Optical Cavity,” J. McKeever, J.
R. Buck, A. D. Boozer, and H. J. Kimble, Phys. Rev. Lett. 93, 143601 (2004); available as
quant-ph/0403121.

5


	1_REPORT_DATE_DDMMYYYY: 02-02-2005
	2_REPORT_TYPE: Final Technical Report
	3_DATES_COVERED_From__To: 01-07-2002 - 30-09-2004
	4_TITLE_AND_SUBTITLE: Quantum Optics with Single Atoms and Photons
	5a_CONTRACT_NUMBER: 
	5b_GRANT_NUMBER: N00014-02-1-0828
	5c_PROGRAM_ELEMENT_NUMBER: 
	5d_PROJECT_NUMBER: 
	5e_TASK_NUMBER: 
	5f_WORK_UNIT_NUMBER: 
	6_AUTHORS: Kimble, H. J.
	7_PERFORMING_ORGANIZATION: California Institute of Technology1200 E. California Blvd.Pasadena, CA 91125
	8_PERFORMING_ORGANIZATION: 
	9_SPONSORINGMONITORING_AG: Office of Naval ResearchBallston Centre Tower One800 N. Quincy StreetArlington, VA  22217-5660
	10_SPONSORMONITORS_ACRONY: ONR
	1_1_SPONSORMONITORS_REPOR: 
	12_DISTRIBUTIONAVAILABILI: Approved for Public Release; Distribution is Unlimitted
	13_SUPPLEMENTARY_NOTES: 
	14ABSTRACT: This research program investigated the dynamics of open quantum systems in manifestly quantum or nonclassical domains.  The research program exploited recently discovered possibilities in the microscopic realm of quantum mechanics to accomplish tasks that would otherwise be impossible by traditional classical means, including new capabilities for precision measurement and for the processing and distribution of information.  Within this setting, the particular investigations related to strong coupling in optical physics whereby nonlinear interactions require only single atoms and photons.  The research achieved capabilities beyond traditional nonlinear optics and laser physics and moved into a new regime with dynamical processes involving atoms and photons taken one by one.  The research program addressed fundamental issues related to quantum metrology, to quantum communication, and to the general development of quantum information sciences.
	15_SUBJECT_TERMS: 
	a_REPORT: U
	bABSTRACT: U
	c_THIS_PAGE: U
	17_limitation_of_abstract: UU
	number_of_pages: 5
	19a_NAME_OF_RESPONSIBLE_P: H. J. Kimble
	19b_TELEPHONE_NUMBER_Incl: 626-395-8340
	Reset: 


